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Abstract
Despite obtaining an exceeding 23% efficiency from organic-inorganic hybrid perovskite
solar cells (PSCs), it is important to investigate the stable and desirable bandgap materi-
als, which are rare. Using hybridized density functional theory prediction in this study, we
introduce a new promising family of nontoxic double perovskites (DPs) containing earth-
abundant silicon for application to a single-junction PSCs. The results show that A2SiX6
(A = K, Rb, Cs; X = Cl, Br, I) with direct bandgaps that range from 0.84 to 4.71 eV.
Among them, A2SiI6 (A = K, Rb, Cs) exhibits a series of excellent properties, such as po-
tential bandgaps of 0.84-1.15 eV, competitive electron effective masses to methylammonium
lead halide perovskites (MAPbI3), high and wide photon absorptions in visible range, and
benign mechanical stability. K2SiI6 and Rb2SiI6 DPs peculiarly exhibit robust thermody-
namic stability at a temperature of 400K. This shows a great promise for achieving high
efficiency and stable lead-free PSCs. In addition, the mixing halogen A2SiBrmI6−m (m=1, 2,
3) demonstrates how desirable direct bandgaps range from 1.04 eV to 1.67 eV, manifesting
more alternative as stable and efficient optical absorption layers.
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Introduction
Organic-inorganic hybrid perovskites, MAPbI3 and MAPbBr3, which act as optical active
layer applied in perovskite solar cells (PSCs), were introduced in 2009 with photovoltaic
conversion efficiencies (PCEs) of 3.1% and 3.8%, respectively.1 Moreover, perovskite fever
has been discussed and researchers subsequently studied a series of perovskite analogous
to MAPbI3, with the general chemical formula ABX3. We note that A
+ represents organic
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cation (e.g., MA+, FA+), and B2+ the post-transition metal with ns2 electronic configurations
are as follows: Pb2+,Sn2+, Ge2+, Sb2+, Bi2+, and X− represents the halide anion (Cl−, Br−,
I−). After nearly a decade of development, the organic-inorganic hybrid PSCs have achieved
great successes with an excellent efficiency of up to 23.7%.2–8 This is almost equal to the high
cost of mono-crystalline silicon solar cell with 25.6% PCE.9 Therefore, the great commercial
prospects of the hybrid perovskites can be clearly observed. The desirable direct bandgaps,
high dielectric constants, shallow defect levels, and long carriers lifetime contribute to the
prominent performances for organic-inorganic hybrid perovskites.10–16
In spite of these remarkable properties, the organic-inorganic hybrid perovskites still face
a series of stability problems, such as the thermal decomposition, moisture and ultraviolet
instability.17–21 Moisture can be avoided by the encapsulation effectively.22 Ultraviolet filter
coating, which converts ultraviolet photon into a visible photon, can also be used to improve
the stability.23 However it is noteworthy that poor long-term thermal stability is inevitable.24
Moreover, the toxicity of Pb2+-containing perovskites has always been criticized. Therefore,
we need to explore lead-free and high-temperature resistant PSCs.
Recently, the double perovskites (DP)(A2M(I)M(III)X6, A2M(IV)X6) have been proposed
as environmentally friendly and stable alternatives to Pb2+-containing organic-inorganic hy-
brid perovskites.25,26 The DP Cs2AgBiBr6 which exhibits a 660 ns carrier lifetime and indirect
bandgap of 1.95 eV, has lately reached up to 2.43% PCE.27,28 However, the stable materials,
which have desirable bandgaps, are rare and highly needed to be explored.29
By applying a hybridized density functional theory calculation herein, we introduce a
new profound family of nontoxic DPs consisting of the earth-abundant silicon that can be
applied to single-junction PSCs. The results show that A2SiX6 (A = K, Rb, Cs; X = Cl,
Br, I) i.e., DPs have direct bandgaps ranging from 0.84 to 4.71 eV. Among them, A2SiI6 (A
= K, Rb, Cs) exhibit potential bandgaps of 0.84-1.15 eV.
We further study their electronic property, optical property, and thermodynamic stability.
The results indicate that all the three I-based DPs have high and wide optical absorptions in
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a visible range, robust mechanical stability and competitive carrier effective masses compared
to MAPbI3. K2SiI6 and Rb2SiI6 DPs peculiarly exhibit benign thermodynamic stability at
a temperature of 400K. In addition, we also consider the mixing halogen situations. The
results of A2SiBrmI6−m (m=1, 2, 3) illustrate that favorable direct bandgaps ranging from
1.04 eV to 1.67 eV, and Rb2SiBr2I4 has an optimum bandgap of 1.35 eV, manifesting more
alternatives as a stable and efficient optical absorption layer for PSCs.
Results and discussion
A series of optimized A2SiX6 DPs (A=K, Rb, Cs; X=Cl, Br, I) adopt Fm3m space
group (No. 225), just like the vacancy-ordered DPs Cs2SnI6 phase.
30 As illustrated in Fig. 1,
the octahedral [SiX4−6 ] units are distributed at each vertex and face center of the cubic
lattice through the covalent bonding between silicon atoms and X-site halogen atoms. A-site
cations are uniformly distributed in the interstice outer the octahedral [SiX4−6 ] by metallic
bonding. The optimized geometric parameters of each compound are listed in Table S1 in the
supplementary material.31 Their lattice constants gradually increase along with the atomic
radius of A+ cation and X− anion severally. This also applies to the Si-X bond lengths.
Figure 2 demonstrates the bandedge alignment and bandgap of A2SiX6 (A=K, Rb ,Cs;
X=Cl, Br, I). They all possess direct bandgaps ranging from 0.84 to 4.71 eV. For compounds
that contain the same A-site atom, the bandgap has the following tendency: A2SiCl6 >
A2SiBr6 > A2SiI6. In addition, it follows from the tendency of Cs2SiX6 > Rb2SiX6 > K2SiX6
when they are composed of the same X-site elements. For compounds that have the same
A-site atom, the X-site atom Br mainly affects the position of the conduction bandedge,
contrasting to Cl. When compared to Br, I mainly affects the position of valence bandedge.
According to Shockley-Queisser limit,32 the theoretical maximum PCE of 33% will be
obtained at the bandgap, i.e. about 1.3 eV for single-junction solar cells. An ideal bandgap
is normally considered within the range of 1.0-1.6 eV. In our results, Cs2SiI6 exhibits an
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ideal bandgap of 1.15 eV, while those of K2SiI6 and Rb2SiI6 are close to 1.0 eV. The slightly
small gap can be easily adjusted to an ideal one by mixing halogen, such as mixing with the
larger bandgap A2SiBr6. Furthermore, we considered spin-orbit-coupling (SOC) effect on
these three I-based DPs (A2SiX6, A=K, Rb, Cs), and the obtained results demonstrate that
the bandgaps of K2SiI6, Rb2SiI6, and Cs2SiI6 are 0.71 eV, 0.82 eV, and 0.99 eV, respectively.
Since silicon is quite lighter element than lead, it is noteworthy that such differences are
much smaller than that of MAPbI3.
33 The bandgaps of A2SiCl6 are all greater than 4 eV,
which is far from the optimal values. Therefore, the Cl-based DPs may be expected to play
a role in photoelectric detection field instead of photovoltaic applications.
Figure 3(a)-(c) depicts the projected band structures of the three promising I-based DPs,
their contributions to the corresponding atoms are also marked in the diagrams. In all the
three cases, the main components of the bandedge are semblable, where A-site elements are
barely involved in the formation of bandedges. The conduction bandedges are dominated
by the silicon and iodine elements when the valence bandedges mostly come from the iodine
element. These situations correspond with the local density of electronic states (LDOS)
[Fig. S1]. Figure. 3(a)-(c), reveals the direct bandgaps in these three I-based DPs with both
the conduction band minimum (CBM) and valence band maximum (VBM) locate at the Γ
points. It is observed that, within the range of 2 eV from the Fermi-level, there exists a
well-dispersted solo conduction band with the following widthes: 1.32 eV, 1.20 eV and 1.03
eV, which correspond to K2SiI6, Rb2SiI6, and Cs2SiI6, respectively. This shows excellent
electrical conductivity.
Furthermore, to know the bandedge formation of orbital electrons in details, we analyze
the projected density of electronic states and contribution ratios of Si and I atoms rang-
ing from -2 eV to 2 eV corresponding to the Fermi-level. As illustrated in Fig. 3(d)-(f), the
valence bandedges are mainly composed of I-5p orbital electrons, while the conduction band-
edges are mainly composed of Si-3s and I-5p orbital electrons. Note that the DOS peaks near
the Fermi-level of the three I-based DPs demonstrate a significant trend of K2SiI6 < Rb2SiI6
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< Cs2SiI6, indicating an increase of the tendency of I-5p bonding states and anti-bonding
states between Si-3s and I-5p orbital electrons. Consequently, the bandgap gradually in-
creases in the following trend: K2SiI6 < Rb2SiI6 < Cs2SiI6.
To further investigate the carrier transport properties of the three I-based A2SiI6 DPs,
the carrier effective masses around Γ are presented in Table 1. MAPbI3 has a series of good
performances in the photovoltaic field,34 its carrier effective masses are also given in Table 1
for comparison.35 The hole effective masses are larger than those of electron for all three
A2SiI6 DPs. Though the inferior masses balance between the hole and electron compared
to MAPbI3; the smaller electron masses indicate comparable carrier transport properties of
the three A2SiI6 DPs. It is noteworthy that the electron effective masses of these three DPs
show the following trend: K2SiI6 < Rb2SiI6 < Cs2SiI6, which are very identical with the
dispersions of their first conduction band [Fig. 3(a)-(c)].
In addition, we investigated the optical properties of the three A2SiI6 DPs by calculating
the frequency-dependent dielectric tensor: ε(ω), ε(ω) = ε1(ω) + iε2(ω).
36 The absorption
coefficient α(ω), can be obtained based on the following equation: Eq. 1.
α(ω) =
√
2ω
c
[
√
ε1(ω)2 + ε2(ω)2 − ε1(ω)]
1
2 (1)
The currently reported Cs2SnI6 as an optical absorption layer applied in PSCs that
initially achieved almost 1% PCE.37 The optical absorption of Cs2SnI6 is also adopted for
contrast. As depicted in Fig. 4, the α(ω) of A2SiI6 (A=K, Rb, Cs) are very close to Cs2SnI6,
it exceed 1.2×104 cm−1 in the whole visible region (1.65 eV∼3.10 eV). The results illustrate
that the A2SiI6 DPs have great potentials in achieving efficient PSCs. Moreover, owing to the
dispersion widths of their first conduction band [Fig. 3(a)-(c)], the absorption broadenings
of these three I-based DPs in visible region satisfy the following trend: K2SiI6 > Rb2SiI6 >
Cs2SiI6. The reflection and energy-loss coefficients of the four DPs are provided in Fig.S2.
As mentioned earlier, stability is one of the most important factors for assessing solar
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cell. According to international standard (IEC 61646 climatic chamber test), the long-
term stability is needed at a temperature of 358K for the solar cell. Hence, the molecular
dynamics (MD) of the three I-based DPs at a temperature of 400K were simulated. Figure 5
demonstrates the potential energy per formula (f.u.) and final structures of K2SiI6 and
Rb2SiI6. Based on the simulation of 8 ps, the potential energy of both systems finally
converges in a range less than 0.05 eV/atom, indicating an outstanding thermodynamic
stability under a temperature of 400K. The well maintained final structures also prove their
robust stabilities. But the MD of Cs2SiI6 was also simulated at temperatures of 300K and
400K in our calculations, our results demonstrated poor thermodynamic stability. Because
the potential energy had an obvious oscillation and failed to converge.
Furthermore, we calculated the elastic constants to evaluate the mechanical stability of
the three I-based DPs. For cubic crystal system, the elastic constants satisfy the following
Born stability criterion: C11-C12 > 0 ,C44 > 0 and C11+2C12 > 0, indicating a mechanical
stability.38 These elastic constants are defined as follows:
Cij =
1
V0
· ∂
2E
∂εi∂εj
(2)
where E denotes the energy of the crystal, V0 denotes equilibrium volume, and ε denotes
a strain. Table 2 presents the elastic constants of the three A2SiI6 DPs. Since the Born
stability criterion matched very well, our results revealed that the mechanical stability of
the three A2SiI6 DPs. Formation energy (Ef ) is provided in Table S2, and the negative
values of the three A2SiI6 DPs also indicate their stability.
For obtaining more options of ideal bandgaps to fully guide the experiment, bromine (Br)-
mixing was conducted on the three I-based DPs. Figure 6(a) depicts that the bandgap of
A2SiBrmI6−m (m=1,2,3) is within a preeminent range of 1.04-1.67 eV, especially Rb2SiBr2I4,
exhibits an optimal gap of 1.35 eV and perfectly satisfies the Shockley-Queisser limit .32
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When compared with I, Br has more influence on the position of valence bandedge [Fig. 2].
Thus, bromine-mixing mainly changes the valence bandedge, regulating the bandgap.
For the mixing halide systems, the octahedral [SiX6
4−] units are observed slightly tilting
due to the ionic radius difference between Br− and I−. The maximum deviation of lattice
constants was less than 5.0% for all the bromine-mixing DPs, indicating benign structure
maintainability in mixing halide A2SiBrmI6−m (m=1,2,3) system. Figure S3 depicts the
prominent thermodynamic stability of Rb2SiBr2I4 at a temperature of 400K. Therefore, the
series of bromine-mixing DPs A2SiBrmI6−m (m=1,2,3) are expected to achieve a highly stable
and efficient single-junction PSCs as an optical absorption layer.
Hf = E(A2SiBr6−mIm)−
6−m
6
E(A2SiBr6)−
m
6
E(A2SiI6) (3)
To further investigate the feasibility of bromine-mixing system, the formation enthalpy
(Hf) of A2SiBrmI6−m was calculated by employing equation Eq.3. It is noteworthy that
both Cs2TiBrmI6−m and Cs2SnBrmI6−m DPs were experimentally synthesized .
39,40 Hence,
their formation enthalpies (Hf) of halide-mixing systems were calculated by comparison
[Fig. 6(b)]. Our results demonstrate that they all have positive values, indicating possible
phase separations for bromine-mixing systems. The formation enthalpies of the three I-based
DPs were slightly larger than that of Cs2SnBrmI6−m at m=3, they are all extraordinary close
in the range of m=2. Consequently, the feasibility of Br-mixing of A2SiI6 (A=K, Rb, Cs)
DPs is worth the expectation.
Conclusion
By utilizing the calculation of first principles, we predicted a promising new family of
nontoxic DPs containing the earth-abundant silicon for application to PSCs. A2SiI6 (A
= K, Rb, Cs) DPs exhibit a series of excellent properties, such as potential bandgaps for
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single-junction solar cells, competitive carrier effective masses to MAPbI3, high and wide
photon absorptions in a visible range, and benign mechanical stability. The K2SiI6 and
Rb2SiI6 DPs peculiarly exhibit remarkable thermodynamic stability at a temperature of
400K, demonstrating a great promise for achieving high efficiency and stable lead-free PSCs.
In addition, the mixing halogen A2SiBrmI6−m (m=1, 2, 3) shows desirable direct bandgaps
ranging from 1.04 eV to 1.67 eV, indicating more alternatives as stable and efficient optical
absorption layers.
Theoretical method
Density hybridized functional theory calculations were performed by utilizing the Vi-
enna ab initio simulation package with the projected augmented-wave pseudopotential.41,42
The generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional was employed for the structural relaxation.43 The conver-
gence criteria of the total energy and Hellmann-Feynman force on atom were set to be
1 × 10−5 eV and 0.001 eV/A˚ and the cut-off energy for the plane-wave basis was set to be
400 eV. To avert the disadvantage of the PBE functional in underestimating the bandgap
of the semiconductors, the Heyd-Scuseria-Ernzerhof (HSE06) hybrid functional was adopted
to accurately calculate the electronic and optical properties.44 Three-dimensional k-meshes
were generated using the Monkhorst-pack 5×5×5 scheme on electronic property calculations
and a slightly loose 4× 4× 4 scheme on optical property calculations.45
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Figure 1: The crystal structure of A2SiX6 (A=K, Rb ,Cs; X=Cl ,Br ,I) with Fm3m space
group
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Figure 2: The bandedge alignment and bandgap of A2SiX6 (A=K, Rb ,Cs; X=Cl ,Br ,I).
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Figure 3: (a)-(c) The calculated projected energy band structures of A2SiI6 (A=K, Rb, Cs)
DPs using HSE06 functional. Fermi-level is set as zero. (d)-(f) PDOS for Si and I atoms of
A2SiI6 DPs. The contribution percentages to the total DOS in the range from -2 eV to 2 eV
are also given. The arrows point to the DOS peaks near the Fermi-level.
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Table 1: Computed carrier effective masses for the K2SiI6, Rb2SiI6 and Cs2SiI6 using
HSE06+SOC method. The results of the HSE06 functional are also given in brackets. m∗e
is the effective mass for electron. m∗h is the effective mass for hole, and that of MAPbI3 are
listed for comparison.
Materials m∗e/m0 m
∗
h/m0
Γ−X Γ− Y
K2SiI6 0.17(0.15) 0.53(1.12)
Rb2SiI6 0.18(0.16) 0.56(0.89)
Cs2SiI6 0.21(0.18) 0.63(0.84)
MAPbI3 0.28(0.32) 0.27(0.48)
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Figure 4: The calculated optical absorption α(ω) spectra of the three A2SiI6-DPs and Cs2SnI6
using HSE06 funtional.
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Figure 5: (a) and (b) are the simulated MD potential energy and final structure of K2SiI6
and Rb2SiI6 DPs at the temperature of 400K.
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Table 2: Computed elastic constants C11, C12 and C44 of three A2SiI6 DPs
Materials C11(GPa) C12(GPa) C44(GPa)
K2SiI6 13.12 3.79 5.58
Rb2SiI6 12.94 8.09 8.59
Cs2SiI6 10.22 5.25 5.95
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Figure 6: (a) The bandedge alignment and bandgap of A2SiBrmI6−m DPs (A=K, Rb, Cs;
m=1,2,3). (b) The formation enthalpy of A2SiBrmI6−m system (m=1,2,3). The solid lines
represent the referenced experimental synthesized DPs.
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